Mannitol has been hypothesized to play a role in antioxidant defense. In previous work, we confirmed the presence of the two mannitol biosynthetic enzymes, mannitol dehydrogenase (MtDH) and mannitol 1-phosphate 5-dehydrogenase (MPDH), in the fungus Alternaria alternata and created disruption mutants for both enzymes. These mutants were used to investigate the role of mannitol in pathogenicity of A. alternata on its host, tobacco. Conidia of all mutants were viable and germinated normally. GC-MS analysis demonstrated elevated levels of trehalose in the mutants, suggesting that trehalose may substitute for mannitol as a storage compound for germination. Tobacco inoculation showed no reduction in lesion severity caused by the MtDH mutant as compared with wild type; however, the MPDH mutant and a mutant in both enzymes caused significantly less disease. Microscopy analysis indicated that the double mutant was unaffected in the ability to germinate and produce appressoria on tobacco leaves and elicited a defense response from the host, indicating that it was able to penetrate and infect the host. We conclude that mannitol biosynthesis is required for pathogenesis of A. alternata on tobacco, but is not required for spore germination either in vitro or in planta or for initial infection.
Introduction
Mannitol plays a role in fungi as a storage or translocated carbohydrate, and is important in spore germination and utilization under starvation conditions (Horikoshi et al., 1965; Lewis & Smith, 1967; Dijkema et al., 1985; Witteveen & Visser, 1995) . Mannitol also quenches reactive oxygen species (ROS) (Smirnoff & Cumbes, 1989; Chaturvedi et al., 1997; Voegele et al., 2005) , leading to the hypothesis that it can play an antioxidant role in host-pathogen interactions. For example, mannitol-deficient mutants of Cryptococcus neoformans are less virulent than wild type, presumably due to mannitol protecting against oxidative killing by phagocytic cells (Chaturvedi et al., 1996a, b) . Recently a celery mannitol transporter was expressed in tobacco, resulting in decreased susceptibility to Alternaria longipes (JuchauxCachau et al., 2007) .
In 1998, Jennings et al. discovered that tobacco, which does not synthesize mannitol, has an endogenous mannitol dehydrogenase (MTD; EC 1.1.1.255; 1-oxidoreductase which converts mannitol to mannose) that is induced by fungal colonization and chemical elicitors. They concluded that this enzyme was induced to degrade pathogenproduced mannitol, allowing for ROS-mediated plant defenses to be effective against the fungus. To test this hypothesis, we transformed tobacco to constitutively express a celery MTD gene (Jennings et al., 2002) . The transgenic plants expressing the MTD enzyme had enhanced resistance to Alternaria alternata infection, supporting the hypothesis that mannitol is required for infection by this pathogen.
In A. alternata, mannitol was proposed to be produced through a mannitol cycle (Hult & Gatenbeck, 1978) . In this cycle, fructose 6-phosphate is converted to mannitol 1-phosphate by mannitol 1-phosphate 5-dehydrogenase (MPDH; EC 1.1.1.17). The phosphate group is removed by a phosphatase (EC 3.1.3.22) (Yamada et al., 1961; Ramstedt et al., 1986) , producing inorganic phosphate and mannitol. Mannitol is then utilized by the enzyme mannitol dehydrogenase (MtDH; EC 1.1.1.138), a 2-oxidoreductase that catalyzes a reversible conversion of mannitol to fructose. To complete the cycle, fructose is phosphorylated to fructose 6-phosphate by a hexokinase (EC 2.7.1.1). In previous work (Vélëz et al., 2007) , we confirmed the presence of both MtDH and MPDH in a tobacco isolate of A. alternata. This study showed that both enzymes played a role in both mannitol synthesis and degradation, and thus did not support mannitol metabolism operating as a cycle. We then generated mutants deficient in each enzyme and in both enzymes; mutants deficient in MPDH or MtDH alone produced 11.5% and 65.7%, respectively, of wild-type levels, whereas the mutant deficient in both enzymes produced no mannitol. Our work was the first study, where both MTDH and MPDH were disrupted in a fungus to produce mutants completely deficient in mannitol.
The availability of a completely mannitol-deficient mutant allows us to definitively test the requirement for mannitol in pathogenicity. Here we report results of infection studies on tobacco and show that mannitol is absolutely required for successful pathogenesis and symptom formation. Mannitol is not required, however, for spore germination or initial infection. Further, we show that the biosynthetic genes are upregulated in response to tobacco leaf extracts, documenting the importance of this pathway in plant pathogenesis.
Materials and methods
Detailed methods are described in the Supplementary material published online.
Strain, media, and culture conditions
Studies utilized A. alternata strain A5, isolated from tobacco (Spurr, 1973) and mannitol-deficient mutants Mt-12, Mp-14, and B-10 previously described (Vélëz et al., 2007) . Culture media included complete medium (CM), malt medium, and a minimal salts medium (Jenns et al., 1989; Talbot et al., 1993) . For most experiments, cultures were grown at 25 1C under a 12-h light/12-h dark regime.
Spore germination assay
Spores (1 Â 10 5 spores mL À1 ) were plated on minimal medium and allowed to germinate for 24 h. Spores were stained with lactophenol aniline blue, and scored as germinated if the germ tube was equal to or longer than the length of the spore.
Trehalose analyses
Fungal cultures were grown and extracts prepared and analyzed by GC-MS analysis as described (Vélëz et al., 2007) . Trehalose peaks were identified by reference to a trehalose reference standard analyzed concurrently with fungal extracts.
Pathogenicity assays
Pathogenicity assays were conduced as described (Spurr, 1973) . Twenty 10-mL drops of spore suspension (1 Â 10 5 spores mL À1 ) of wild type and the Mt-12, Mp-14, and B-10 mutants were inoculated onto detached leaves of tobacco cv. 'Burley 21'. Lesion severity was scored 7 days after inoculation using the following scale: 0, no visible symptoms; 1, scattered pin-point necrotic spots at inoculation point; 2, necrotic spots coalescing; 3, uniform necrosis of inoculation point, but no surrounding chlorosis; and 4, severe necrosis of inoculation point with surrounding chlorosis. In planta sporulation assays utilized a 3 Â 10 5 spores mL À1 spore suspension inoculated onto the abaxial side of leaves. After lesion development, spores were recovered from the adaxial side of the leaf.
Histochemistry and microscopy analysis of infection 3,3 0 -Diaminobenzidine tetrahydrochloride (DAB) staining was carried out as previously described (Aviv et al., 2002) with some modifications (see Supplementary material). Following uptake of the DAB solution, leaves were inoculated (2 Â 10 5 spores mL
À1
). Samples from each inoculation were taken daily for 3 days, cleared in a hot acetic acid : glycerol : ethanol (1 : 1 : 5, v/v/v) solution, and stained with lactophenol aniline blue before viewing under the microscope.
Gene regulation
Cultures of wild type, Mt-12, and Mp-14, were grown in liquid malt medium supplemented with 2 mL of an aqueous extract of tobacco leaves prepared as described (Jennings et al., 1998) . RNA was extracted from the lyophilized mycelium and assayed using quantitative reverse transcription-PCR (Q-PCR) following the methods detailed in the Supplementary material. Gene expression was normalized to the expression of 18S rRNA.
Results

Mannitol-deficient strains
Mutants for MtDH (Mt-12), MPDH , and the double mutant (B-10) were created using targeted gene disruption, and lack of enzyme activity was confirmed by enzymatic assays (Vélëz et al., 2007) . GC-MS experiments showed that B-10 (disrupted for both genes) did not produce mannitol, and mutants Mp-14 (disrupted for MPDH) and Mt-12 (disrupted for MtDH) produced 12.6 and 72.3 mg mannitol mg À1 of dry weight, respectively, as compared with 110 mg mg À1 dry weight produced by the wild-type strain (Vélëz et al., 2007) . No phenotypic differences in spores, mycelia, or colony morphology or growth rate were detected in any of the different mutants as compared with wild type (Vélëz et al., 2007) .
Spore germination
Previous reports have shown that mannitol is a storage carbohydrate involved in spore germination; thus, the mannitol-deficient mutants were assayed for germination ability. All mutants germinated as well or better than wild type ( Table 1 ), indicating that mannitol is not needed for spore germination in A. alternata.
Trehalose analysis
Studies in other fungi have suggested that trehalose may substitute for mannitol as a storage compound for spore germination (Solomon et al., 2005 (Solomon et al., , 2006 . GC-MS analysis showed a direct correlation between decreasing mannitol levels and increasing trehalose in our mannitol mutants ( Fig. 1) . The mannitol-deficient double mutant (B-10) produced almost 20-fold more trehalose than the wild type, with 2.5-and 9.5-fold more trehalose produced by the Mt-12 and Mp-14 mutants, respectively.
Pathogenicity assays
Lesion severity caused by wild type and the Mt-12, Mp-14, and B-10 mutants was scored 7 days after inoculation using a 0-4 rating (Fig. 2 ). All inoculations with all strains yielded some symptoms, and none were scored as 0. Lesion severity caused by the wild-type strain and the MtDH (Mt-12) and MPDH (Mp-14) single mutants ranged from 1 to 4, whereas lesion severity caused by the double mutant (B-10) ranged from 1 to 3. Overall, Mt-12 caused as much disease as did wild type, with mean lesion ratings of 3.1 and 2.9, respectively. By contrast, mean lesion severity ratings for B-10 and Mp-14 were 1.1 and 1.5, respectively. Overall, 89% and 94% of the wild type and Mt-12 lesions, respectively, were in the most severe categories of 2, 3, and 4, whereas only 36% and 9% of the Mp-14 and B-10 lesions, respectively, were in these categories. Statistical analysis showed a significant difference between wild type and Mp-14 (P 0.0001), and between wild type and B-10 (P 0.0001). There was no significant difference between wild type and Mt-14 (P 0.1835).
In planta sporulation
The mannitol mutants are unaffected in producing spores in culture (Vélëz et al., 2007) ; however, MPDH has been shown to be necessary for sporulation of Stagonospora nodorum on wheat (Solomon et al., 2005) . We took advantage of the fact that A. alternata can sporulate on either side of the leaf surface to test whether or not knocking out mannitol production suppressed sporulation in planta. Seven days after inoculation, spores were recovered from lesions caused by the wild type and Mp-14 and Mt-12 mutants, but not by the B-10 mutant. Spores could only be recovered from leaves inoculated by B-10 if they were incubated for 5-7 weeks; these spores likely result from saprophytic colonization of the senescing leaf pieces. These data suggest that mannitol production is required for normal sporulation of A. alternata in lesions.
Histochemical detection of H 2 O 2
Histochemical staining was used to detect a host defense response at the infection site following inoculation with wild type and the B-10 double mutant (Fig. 3) . Spores from both strains germinated on the leaf surface, producing germ tubes from which appressoria developed. No differences were noted between wild type and B-10 in the frequency of spore germination or appressorium formation; thus, mannitol is not required for these steps. In addition, in both cases, brown staining, indicative of the reaction of DAB with H 2 O 2 , was seen, indicating that both isolates penetrated the leaf and induced a defense response by the host. No differences were noted in the intensity or extent of DAB staining of leaf tissue inoculated with the two isolates. (a) (b) Fig. 3 . Microscopic analysis of infection of tobacco leaf tissue by wild-type Alternaria alternata (a) and the B-10 double mutant (b). Leaf tissue pretreated with DAB was inoculated with conidia and infection monitored for 24 h. Tissue was stained with lactophenol aniline blue to visualize hyphae. Both the wild-type (mannitol-producing) and B-10 (mannitolnonproducing) spores were able to germinate, produce appressoria (indicated by black line arrows), and penetrate and elicit a defense response (brown staining, indicated by open block arrows) from the host. Scale bar = 20 mm.
Gene regulation
Previous studies showed that A. alternata excretes mannitol when grown in culture medium amended with tobacco leaf extracts (Jennings et al., 1998) . We used Q-PCR to determine if MtDH and MPDH were regulated by tobacco leaf extracts (Fig. 4) . Transcript of both MtDH and MPDH started to increase by 30 min after the addition of tobacco extract, reaching 2.5-to almost fourfold higher by 2 h. Response of the genes in the disruption mutants was similar to that in wild type. No increase in transcript for MtDH and MPDH was seen if cultures were treated with water instead of tobacco leaf extract (data not shown).
Discussion
The polyol mannitol has been shown to quench ROS both in vitro and in vivo (Smirnoff & Cumbes, 1989; Chaturvedi et al., 1997; Voegele et al., 2005) , and a role for mannitol in antioxidant defense in fungi has been documented in several fungi (Chaturvedi et al., 1997; Jennings et al., 1998; Voegele et al., 2005) . Studies have also suggested that mannitol may be important in pathogenesis to counteract antioxidant defenses induced by both plant and animal hosts (Chaturvedi et al., 1996a, b) . The strongest data in support of a role for mannitol in plant pathogenesis come from Jennings et al. (1998) , who hypothesized that fungal pathogens secrete mannitol to quench ROS during infection of tobacco plants, because tobacco (a nonproducer of mannitol) expresses a mannitol-degrading enzyme (mannitol dehydrogenase) when challenged with fungal elicitors and inducers of plant defense responses. The enzyme was hypothesized to convert the pathogen-produced mannitol to mannose, allowing the ROS-mediated plant defense response to be effective against the fungus. In support of this hypothesis, transgenic tobacco plants constitutively expressing a mannitol dehydrogenase from celery were created; these transgenic plants were shown to have enhanced resistance to A. alternata (Jennings et al., 2002) . The goal of our study was to definitively document the requirement for mannitol in pathogenicity by assaying infectivity using mannitol-deficient mutants. As spore germination is an important component of pathogenicity, we first assayed the spore germination ability of the mannitol mutants. Mannitol is found in spores of many fungi including species of Aspergillus, Myrothecium, Neurospora, Agaricus, Sterostratum, Puccinia, Erysiphe, and Penicillium (Cochrane et al., 1963; Ballio et al., 1964; Lewis & Smith, 1967) , and has been shown in Aspergillus species to be metabolized at early stages during spore germination (Horikoshi et al., 1965; Witteveen & Visser, 1995) . Our spore germination assay, however, verified that the spores of all mutants were able to germinate normally. GC-MS analysis revealed that as mannitol levels decreased in the different mutants, the trehalose content increased (Fig. 1) . This result is consistent with Solomon et al. (2005 Solomon et al. ( , 2006 , who saw an increase in trehalose when the MPDH gene was disrupted in S. nodorum, suggesting that trehalose is able to substitute for mannitol as a storage compound in the spores. Lingappa & Sussman (1959) have also reported the importance of endogenous trehalose as a source of energy in spore germination.
To evaluate the contribution of mannitol in infection, wild-type A. alternata and mutants Mt-12, Mp-14, and the double mutant B-10 were used to infect tobacco leaves. Severity of infection was strongly correlated with mannitol content. No significant differences were found in disease severity between the wild-type isolate and the MtDH mutant, which is only moderately altered in mannitol production. By contrast, the MPDH mutant (which produces only 11.5% of wild-type mannitol levels) and the mannitol-deficient B-10 double mutant were significantly reduced in disease severity. These results are consistent with the findings of Jennings et al. (2002) that transgenic plants expressing a mannitol-degrading enzyme had enhanced resistance to Alternaria alternata infection. Together, these results strongly support the hypothesis that mannitol is required for normal disease development by A. alternata on tobacco. Solomon et al. (2005 Solomon et al. ( , 2006 previously reported that the enzyme MPDH was necessary for sporulation of the fungus S. nodorum on wheat plants. In contrast to their results, our inoculation experiments with A. alternata showed that the MPDH mutant, as well as the MtDH mutant, were able to sporulate in planta. The mannitol-deficient double mutant was unable to sporulate until the inoculated leaves started to senesce (5 weeks after inoculation), suggesting that sporulation resulted from saprophobic growth. Lack of sporulation cannot be due solely to an inability to colonize tissue, as some lesions do develop with this mutant. It is possible that sporulation requires the development of the most severe lesions, which do not develop with this mutant. Our data contrast with the results found with S. nodorum where MPDH alone is required for sporulation in lesions, but do support the conclusion that mannitol production is required for sporulation by A. alternata in planta.
The precise function for mannitol in disease development is not clear. The B-10 double mutant was able to germinate, produce appressoria, and penetrate leaf tissue and induce a host response as effectively as the wild type; thus, mannitol must function after the initial penetration process. Our hypothesis was that mannitol is required to quench ROS produced during the host defense response, and DAB histochemical staining was used to test this hypothesis. DAB has been used for in vivo-and in situ-localized accumulation of H 2 O 2 in the Erysiphe graminis f. sp. hordei-barley interaction and the Hylanoperonospora parasitica-arabidopsis interaction (Thordal-Christensen et al., 1997; Aviv et al., 2002 ). In the presence of H 2 O 2 , DAB polymerizes and produces a brown color. We expected that the lack of mannitol production by the B-10 mutant would lead to an increase in the intensity of DAB staining; however, no differences were seen in the intensity of the staining between B-10 and wild type. Quenching of ROS remains a strong possibility for the requirement for mannitol in pathogenicity; however, definitive proof of this hypothesis will require further investigation.
The observation that an ROS-quencher such as mannitol is required for normal disease development by A. alternata on tobacco suggests that plant-generated ROS are not used by this pathogen for disease development. Necrotrophic pathogens like Botrytis cinerea, Sclerotinia sclerotiorum, and Exserohilum turcicum take advantage of the ROS from the plant to facilitate their infection (Govrin & Levine, 2000; Keissar et al., 2002) . For these pathogens, protective mechanisms against plant-generated ROS would be predicted to inhibit infection. The mechanisms used by A. alternata to infect tobacco are not completely known. Toxins such as alternariol, altenuene, and tenuazonic acid have been implicated in disease development (Lucas, 1975) . Also A. alternata produces cellulase, polygalacturonase, and pectinmethylesterase in vitro, and pectin lyase has been recovered from brown spot lesions of naturally infected tobacco leaves (Lucas, 1975) . These results suggest that this pathogen utiltizes toxins and enzymes to kill cells, allowing for colonization of the tissues.
Because mannitol is required for disease, we hypothesized that the biosynthetic genes would be regulated during infection. Jennings and collaborators saw an increase in the levels of mannitol when A. alternata was grown in malt medium amended with tobacco extracts (Jennings et al., 1998) . In agreement with their results, we found that both MtDH and MPDH transcripts increased after treatment with tobacco leaf extract, suggesting that these genes are regulated by plant compounds and supporting the genes' importance in the pathogenicity. In addition to regulation by tobacco leaf extracts, the genes and proteins are likely regulated in other ways. Both the MPDH and MtDH gene sequences contain putative CreA binding sites, 5 0 -SYGGRG-3 0 (Cubero & Scazzocchio, 1994) , suggesting regulation by carbohydrates. We conducted Q-PCR studies to evaluate the expression of the genes in response to different carbon sources; however, they did not show significant effects (data not shown). In addition, both MPDH and MtDH protein sequences show putative sites for phosphorylation by cAMP-dependent protein kinase A, protein kinase C, and casein kinase I, suggesting regulation at the protein level.
In summary, we have shown that mannitol is required for normal disease development by A. alternata on tobacco. Although the mannitol-deficient mutant germinates, forms appressoria, and penetrates the leaf to induce a host response, normal disease development and symptom expression do not occur. In support of these findings, we showed that both mannitol biosynthetic genes are upregulated in response to tobacco extracts. In contrast to reports from other systems, mannitol in A. alternata is not required for conidiation in culture or for spore germination either in culture or on leaves. Histochemical staining did not show differences in host ROS in the leaf; thus, it remains unclear whether the function of mannitol is to serve as a quencher of ROS or whether it has another essential function in disease development. Based on these results, transformation of plants to express an MTD (EC 1.1.1.255) by genetic engineering may be a useful strategy to develop resistance to A. alternata and perhaps other mannitol-secreting fungi.
